Enhancement in electron field emission in ultrananocrystalline and microcrystalline diamond films upon 100 MeV silver ion irradiation I. INTRODUCTION
Diamond films have been extensively investigated for their application as electron field emitters, owing to their negative electron affinity and low effective work function.
1,2
While the physical properties are found to depend on the crystallinity of the materials, the electrical and optical characteristics of the films are more closely related to the microstructure of the samples. 3 When moving from microcrystalline diamond ͑MCD͒ toward nanocrystalline diamond ͑NCD͒, the grain size decreases such that the H content and the amount of the graphitic inclusions in the grain boundaries increase. [3] [4] [5] The hydrogens are presumed to reside at the grain boundaries, saturating the dangling bonds. 6 There are studies on the correlation of hydrogen retention with the bonding, [5] [6] [7] conductivity, 8 and field emission 9, 10 of diamond films as a function of grain size. However the reports on whether the hydrogen incorporation within the structure of diamond will increase or decrease the conductivity of the materials are controversial. On the other hand, the sp 2 -bonded carbons within the chemical vapor deposition ͑CVD͒ diamond films can be thought of as a conduction promoter, particularly if the sp 2 -bonds form interconnected networks along which electrons are free to move. 6 While the hydrogen content in the diamond films can be controlled by postannealing process, the control on the proportion of sp 2 -bonds is not as reliable. Irradiation by energetic heavy ions into the diamond films can break the C-C bonds under controlled manner and, therefore, become an efficient and reliable way for controlling the proportion of sp 2 -bonds in the materials. There are many reports that discuss the effects of ion beam irradiation on the characteristics of type IIa diamond, 11 diamondlike carbon film, 12 tetrahedral amorphous C, 13 graphite, 14 polycrystalline CVD diamond, [15] [16] [17] etc. Furthermore, Pandey et al. 18 and Koinkar et al. 19 studied the field emission enhancement by swift heavy ions irradiation in CVD diamonds, but the mechanism is still not clear.
Here we report the effect of heavy ion ͑100 MeV Ag 9+ ͒ irradiation on changing the morphology and improving the electron field emission ͑EFE͒ properties of the diamond films. The modification of the microstructure of these films due to heavy ion irradiation was investigated in detail using transmission electron microscopy ͑TEM͒, and the correlation of these characteristics with the resulted EFE characteristics was discussed.
II. EXPERIMENTALS
The ultra-NCD ͑UNCD͒ films were grown on silicon substrates by Ar-plasma based microwave plasma enhanced chemical vapor deposition ͑MPECVD͒ process using IPLAS-Cyrannus reactor. 20 They were grown in ͑1% CH 4 ͒/Ar plasma ͑100 SCCM͒ ͑SCCM denotes standard cubic centimeter at STP͒ at 1200 W and 120 torr for 3 h to reach a thickness of about 300 nm. The substrate temperature was estimated to be around 400°C during the growth of UNCD films. In contrast, MCD films of ϳ1 m thickness were deposited on silicon substrates by the H 2 -plasma based MPECVD process, using an ASTex 5400 reactor. The ͑5.0%͒CH 4 / H 2 gas mixture with flow rates of 5/95 SCCM ͑Ref. 21͒ was excited by 1500 W microwaves ͑2.45 GHz͒, while the total pressure in the chamber was maintained at 55 torr ͑growth time of 90 min͒. The substrate temperature was estimated to be around 900°C during the growth of MCD films.
The diamond films were subjected to heavy ion irradiation using 100 MeV Ag 9+ -ions from 15 MV Pelletron accelerator at Inter-University Accelerator Centre, New Delhi, India. [17] [18] [19] The current was ϳ1 pnA, which is equivalent to 6.2ϫ 10 9 ions/ s. The samples were mounted inside the scattering chamber, which was evacuated to base pressure of 1 ϫ 10 −6 torr. The samples were irradiated with fluences of 5 ϫ 10 10 or 5 ϫ 10 11 ions/ cm 2 . The 100 MeV silver ions have a projected range of 7.68 m and longitudinal straggling of 230.3 nm as simulated with SRIM-2008 . 22 Therefore, the Ag 9+ -ions will pass through the diamond films and get buried deep into the substrate for all the samples. The sole effect of heavy ion irradiation is to induce the atomic defects for the UNCD and MCD films, and there is no Ag 9+ -ions doping effect on the films. The ions have an electronic energy loss of 2.194ϫ 10 4 eV/ nm and nuclear energy loss of 93.18 eV/nm, indicating that the ions will lose energy mostly by electronic excitations in diamond. The lattice damage effects of nuclear energy loss will be minimal.
The films were characterized using scanning electron microscopy ͑SEM: JEOL JSM-6500F͒, TEM ͑JOEL, 2100͒, Raman spectroscopy ͑Renishaw, 514.5 nm͒, x-ray photoelectron spectroscopy ͑XPS, PHI, 1600͒, and near edge x-ray absorption fine structure spectroscopy ͑NEXAFS͒. EFE properties of the diamond films were measured with a tunable parallel plate setup in which the sample-to-anode distance was varied using a micrometer. The current-voltage ͑I-V͒ characteristics were measured using an electrometer ͑Keithley 237͒ under pressures below 10 −6 torr, where the maximum available voltage of the setup was 1100 V and the current was restricted to 10 mA. The EFE parameters were extracted from the obtained I-V curves by using the FowlerNordheim ͑FN͒ model, 23 where the turn-on field was designated as the intersection of the lines extrapolated from the low field and high field segments of the FN plot.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show, respectively, the SEM micrographs for UNCD and MCD samples. The UNCD samples contain grains of the sizes less than 10 nm and roundish in morphology, whereas the MCD samples consist of grains about 300-500 nm in size and faceted in geometry. Figures 4͑a͒ and 4͑b͒ show Raman spectra for UNCD and MCD films, respectively. For as-deposited UNCD films, the Raman peaks are very diffuse, and no sharp D-band ͑at 1333 cm −1 ͒ is observable ͓solid line, Fig. 4͑a͔͒ , which is presumably due to the smallness of the grain size. The 1144 cm −1 ͑ 1 -band͒ and 1480 cm −1 ͑ 2 -band͒ Raman peaks are assigned as vibrations from transpolyacetylene groups presenting at the grain boundaries. 24 The 1343 cm −1 ͑D ‫ء‬ -band͒ Raman peak is assigned as disordered sp 3 bonds and the 1580 cm −1 ͑G-band͒ corresponds to graphite peak. 25 In contrast, solid line in Fig. 4͑b͒ shows that the MCD films are predominated with a sharp 1333 cm −1 Raman peak ͑D-band͒ corresponding to F2g zone center optical phonon of diamond.
To more clearly examine the bonding nature of these films, NEXAFS were performed and the results are shown in Fig. 4͑c͒ , where the NEXAFS corresponding to single crystal diamond is included as standard to facilitate the comparison ͓curve I, Fig. 4͑c͔͒ . This figure reveals a sharp rising edge at FIG. 1. SEM micrographs of as-deposited ͑a͒ UNCD films, which were grown under 99% Ar ͑1% CH 4 ͒ plasma, and ͑b͒ MCD films, which were grown under 95% H 2 ͑5% CH 4 ͒ plasma.
FIG. 2. TEM micrographs of as-deposited UNCD films, which were grown under 99% Ar ͑1% CH 4 ͒ plasma.
eV ͑C1s
‫ء‬ -band͒, and a large deep at 302.5 eV is observed for both UNCD and MCD films, which are the signatures of the diamond materials. 26, 27 These NEXAFS confirm, again, that both the UNCD and MCD films are diamonds, although, for UNCD films, the C1s ‫ء‬ -edge is not as sharp and the 302.5 eV valley is not as deep as that for standard diamond. In addition, there appears a small peak at 285.5 eV corresponding to C1s ‫ء‬ -bond in the NEXAFS of UNCD films, implying that there contains small proportion of sp 2 -bonded carbon materials in the films, which are presumed to reside in grain boundaries. 28 There is no ‫ء‬ -bond observable for MCD films. Figure 5 shows the modification in the EFE characteristics of the UNCD and MCD films due to Ag 9+ -ion irradiation. The insets in these figures show the FN plots used for analyzing the EFE characteristics. The high field segment of the FN plot fits a straight line, indicating that the FN model can explain these EFE characteristics very well. The details of the field emission parameters, such as turn-on field ͑E 0 ͒ and EFE current density ͑J e ͒, are given in Table I . For the as-deposited UNCD films, the EFE process can be turned on at a field of ͑E 0 ͒ UNCD = 13.51 V / m ͓curve I, Fig. 5͑a͔͒ , which is smaller than that for as-deposited MCD samples ͓͑E 0 ͒ MCD = 28.0 V / m, curve I in Fig. 5͑b͔͒ . Probably, it is the smaller and defective grains contained in UNCD films that result in larger proportion of grain boundaries and more abundant intermediate energy levels, giving rise to better field emission behavior. 20 However, both of the as-deposited films possess very small EFE current density, viz., J e is 2.34ϫ 10 −4 mA/ cm 2 for UNCD films and 1.96 ϫ 10 −6 mA/ cm 2 for MCD films at the applied field of E a =20 V/ m.
The 100 MeV Ag 9+ -ion irradiation markedly improves the EFE characteristics of these samples. The turn-on field decreases with increasing ion irradiation fluence. The ͑E 0 ͒ UNCD decreases from 13.51 to 6.44 V / m for UNCD films, and the ͑E 0 ͒ MCD decreases from 28.0 to 3.2 V / m for MCD films due to 5 ϫ 10 11 Ag 9+ -ion irradiation ͑Fig. 5 and is interesting to observe that a smaller reduction in the turn-on field for emission is observed for UNCD films that had lower turn-on field before irradiation and a larger reduction in the turn-on field for emission is observed for MCD films that had higher turn-on field before irradiation.
To understand the factor resulting in pronounced improvement in the EFE properties for these films, the Ag 9+ -ion irradiated films were examined using Raman and NEXAFS spectroscopies. Raman spectra shown in Figs. 4͑a͒ and tion. These observations imply that the dosage of 5 ϫ 10 11 ions/ cm 2 experienced by the films is still below the critical dosage required to induce marked modification on the crystallinity of the diamonds. [17] [18] [19] Furthermore, the Ag 9+ -ion irradiation on the modification in the surface characteristics of the films is illustrated using XPS. Figure 7͑a͒ shows that the C1s peak for asdeposited UNCD films is located at 286.8 eV, which is blueshifted in ⌬V = 2.5 eV with respect to the normal C-C bonds in diamond films ͑284.3Ϯ 0.2 eV͒. 29, 30 The blueshift possibly resulted from the electronic traps existing in the UNCD films. 31 In contrast, Fig. 7͑b͒ reveals that the C1s peak for as-deposited MCD films is located at 284.3 eV, which is close to the normal C-C bonds for diamonds, indicating that there exists no surface charge for MCD films. It should be noted that the UNCD films were grown in Ar-plasma, whereas the MCD films were synthesized in H 2 -plasma. Therefore, only the dangling bonds in MCD films can be fully compensated so that the surface charges were eliminated. The dangling bonds in UNCD films cannot be efficiently compensated, and large proportion of surface charges were induced, resulting in marked blueshift for C1s peak.
The 100 MeV Ag 9+ -ion irradiation ͑5 ϫ 10 10 ions/ cm 2 ͒ will induce some atomic defects, which act as electronic charge traps and result in blueshift for both films. 31 The C1s peak was thus shifted to 287.1 eV for UNCD films and to 287.3 eV for MCD films ͓curve II, Figs. 7͑a͒ and 7͑b͔͒. Increasing the fluence of Ag 9+ -ion irradiation to 5 ϫ 10 11 ions/ cm 2 removes some of the electron traps, shifting the C1s peak toward the normal C-C position. The reduction in electron traps possibly resulted from the healing of atomic defects by the melting and recrystallization effect, which will be discussed shortly. However, such a change in XPS surface characteristics does not correlate very well with the improvement in EFE properties of the films. Detailed microstructure of these films was thus investigated using TEM to understand the genuine factor altering the EFE properties of the films. Figure 8 shows the typical TEM micrographs of the Ag 9+ -ion irradiated ͑5 ϫ 10 11 ions/ cm 2 ͒ UNCD films. The general characteristics of UNCD materials are still preserved, viz., they contain grains with 5-10 nm in size ͑e.g., region A͒, whose enlarged micrograph is illustrates as inset of Fig.  8͑a͒ . However, aggregation of clusters ͑ϳ50-100 nm͒ is induced in some other regions ͓e.g., region B, Fig. 8͑a͔͒ . The enlarged micrograph of region B ͓Fig. 8͑b͔͒ and the associated structural images ͓insets B 1 , B 2 , and B 3 in Fig. 8͑b͔͒ reveal that the clusters consist of crystalline aggregates with flakelike geometry. The Fourier transformed images in the insets indicate that they are nanosized graphites, implying that phase transformation of the materials has occurred probably via the local melting and recrystallization process. 32 The implication of above-described results is that while low dosage of 100 MeV Ag 9+ -ion irradiation only induced the formation of atomic defects, high dosage of Ag 9+ -ion irradiation can induce the melting and recrystallization of the materials along the trajectories of the impinging heavy ions, eliminating the atomic defects. Such a phenomenon is in accord with the previous reports 32 and can account for the blueshift of C1s peak for low-dose Ag 9+ -ion irradiated samples and reversed-shift in this peak for high dose Ag 9+ -irradiated ones.
The effect of 100 MeV Ag 9+ -ion irradiation on altering the microstructure of the MCD is illustrated in Fig. 9 , indicating that most of the grains are of the same microstructure as the pristine MCD films, i.e., they are featureless ͓Fig. 9͑a͔͒. Occasionally, carbon clusters about 5-10 nm in size were observed preferentially along the grain boundaries, as indicated by arrow in Fig. 9͑a͒ . Structure image and Fourier transformed micrograph of a typical area in this region ͓in-set, Fig. 9͑a͔͒ indicate that the clusters are either nanosized diamonds or nanographites. In a very rare case, a large region of the materials was converted into multiphase mixtures, as shown in Fig. 9͑b͒ . The enlarged micrograph shown as inset in this figure reveals that this region contains large crystals ͑about tens of microns in size͒ scarcely distributed among the nanosized clusters. The enlarged micrographs for region D ͓the inset, Fig. 9͑b͔͒ and the structure image indicate that the nanosized clusters are diamonds. Figure 9͑c͒ shows structure image of region C, indicating that the clusters are either nanosized diamonds ͑insets 1 and 3͒ or nanographites ͑insets 2 and 4͒, coexisting with amorphous matrix. Presumably, these nanoclusters are formed by melting and recrystallization of diamond materials in the region where the heavy ions passed through. Restated, the 100 MeV Ag 9+ -ion irradiation modifies the microstructure of the MCD films in the same manner as that on the UNCD films, viz., the induction of the atomic defects at low dosage and the formation of nanodiamonds ͑or nanographites͒ at high dosage via melting and recrystallization process. This observation is in accord with the model proposed by Belykh et al. 33 While the induction of the nanocrystalline clusters is the plausible mechanism improving the EFE properties of the diamond films upon heavy ion irradiation, there still remains one question, that is, why the heavy ion irradiation improved more significantly the EFE properties for the MCD films than that for the UNCD films. Apparently, the probable cause is the different effect on altering the microstructure of the materials induced by the heavy ion irradiation. As mentioned earlier, the grains of MCD films are large ͑ϳ300-500 nm͒ and those of UNCD films are extremely small ͑ϳ5 nm͒. The trajectories of the energetic heavy ions passing through the large diamond grains of MCD films produced interconnected sp 2 -bonded carbon networks and thus led to good electron conducting path through the diamond grains. In contrast, for UNCD films, the melting and recrystallization processes resulted in agglomeration of nanosized grains, which reduced the connectivity of the grain boundaries and decreased the continuity of electron conduction path. Therefore, the improvement in the EFE properties in UNCD films is not as pronounced as that in MCD films.
IV. CONCLUSION
The effect of 100 MeV Ag 9+ -ions irradiation on MCD and UNCD films have been studied. TEMs revealed that while some regions in the large grains of MCD films were broken up into small clusters, some of the ultrasmall grains of UNCD films were agglomerated. This phenomenon is ascribed to the induction of the melting and recrystallization processes at high fluences. The heavy ion irradiation improved the EFE behavior of the large grain MCD materials more markedly than that on the ultrasmall grain UNCD materials.
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